Eight percent (mole fraction) yttria-stabilized zirconia (8YSZ) electrolyte samples with thicknesses ranging from 150 µm to 1.2 mm were fabricated to determine the relationship between the thickness and electrical conductivity. In principle, this range can be considered to be an extension from the macro-scale to micro-scale. X-ray diffraction (XRD), scanning electron microscopy (SEM), and alternating current complex impedance were used to characterize the samples. A nonlinear relationship between electrical conductivity and temperature was observed and explained by the "surface effect." In addition, both the pre-exponential factor and activation energy were confirmed to be significant factors affecting electrical conductivity.
Introduction
Ever since Nernst reported yttria (Y 2 O 3 )-doped zirconia (ZrO 2 ) in 1899 1) and the principle of ionic conduction in stabilized ZrO 2 was explained by Wagner, 2) there have been many studies concerning the properties of stabilized ZrO 2 . ZrO 2 , fully stabilized by Y 2 O 3 doping is an oxide system with a fluorite structure. In addition to stabilizing the fluorite structure, doping can also cause the formation of oxygen vacancies as chargecompensating defects through the following process:
Stabilized cubic ZrO 2 is considered to be an excellent electrolyte material for use in high temperature solid oxide fuel cells (SOFCs), as well in as in various sensor applications, on account of its high oxygen ion conductivity and chemical stability. Consequently, over the past few decades, the electrical properties of Y 2 O 3 -stabilized ZrO 2 (YSZ) have been studied extensively.
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Many theories in this field have been universally accepted. In addition, almost all phenomena, including the dependence of the electrical conductivity on the fabrication methods of YSZ, 8) ,9) the influence of the amount of dopant on the properties of YSZ, 10) and the impact of different sintering temperatures on the properties of YSZ, 11) have been reported. However, the electrochemical properties of stabilized ZrO 2 are not yet completely understood, and many issues remain to be clarified.
Despite the large number of studies on the electrical properties of the YSZ electrolyte, few have reported the effect of thickness on electrical conductivity. Therefore, this study examined whether the thickness of the solid YSZ electrolyte can influence the electrical conductivity, especially at lower temperatures.
Experimental 2.1 Sample preparation
All samples examined in this study had the same nominal chemical composition of (ZrO 2 ) 0.96 -(Y 2 O 3 ) 0.08 , which can be described as 8YSZ (8 indicates that the mole fraction of Y 2 O 3 is 8%). To prepare these samples, an analytical ZrO 2 powder (>99.5% purity) and Y 2 O 3 powder (²99.5% purity) were mixed at the desired ratio and wet-milled with ZrO 2 balls for 12 hours in a plastic pot. After the powder mixtures were dried, discshaped compacts of thicknesses ranging from 150¯m to 1.2 mm, with a diameter of 10 mm were green-formed by die-pressing followed by isostatic pressing at approximately 200 MPa. The samples were then sintered in air at 1873 K for 2 hours followed by furnace-cooling to room temperature.
Six sample types with different thicknesses (992¯m, 747¯m, 545¯m, 389¯m, 266¯m, and 160¯m, respectively, denoted as AF ( Table 1) ) were machine-polished in order to ensure regular intervals between them.
Characterization of the test samples
The samples were characterized by X-ray diffraction (XRD) with Cu K¡ radiation. The XRD patterns (Fig. 1) indicated all the samples to be a single phase fluorite-type solid solution with cubic symmetry. No other phases were observed using XRD.
The geometric density of the sintered samples was measured using the conventional Archimedes method. The relative density was determined as the ratio of the true density to its theoretical value. All test samples achieved approximately 93% of their theoretical values. The somewhat low density of these samples may be attributed to the fact that the powder used in this experiment was intended for industrial usage and therefore less activated. However, given the analysis of Badwal, 12) the influence of porosity on conductivity is negligible in the following analysis.
Scanning electron microscopy (SEM) was used to examine the surface structure of the sintered samples. Figure 2 shows typical SEM images. There were some pores between grains, which confirmed the results of the geometric density test.
Electrical measurements
A platinum paste was applied as electrodes to both sides of the samples by firing at 1100°C for 30 minutes after slight polishing. The electrical contacts were made from silver wire of the appropriate length. The complex impedance spectra of the sintered samples were measured using a computer-controlled frequency response analyzer (HP4194A, HewlettPackard, CA). The measurement was carried out in air at temperatures ranging from 363 K to 733 K, at intervals of approximately 20 K, and over the frequency range 10 2 10 7 Hz. Two systems of HP4194A analyzer/heater were employed, one for the temperature range of 363 K to 473 K, and the other from 473 K to 733 K. As shown below, there are slight differences between the results measured from the two systems.
Results and discussion
Since the pioneering work of Bauerle in 1969, 13) the complex impedance technique is widely used to examine the electrical properties of solid oxide electrolytes. In general, three distinct semicircles are observed when AC (alternating current) measurements are graphed on complex impedance plots (Z¤ against Z¤¤, where Z¤ and Z¤¤ are the real and the virtual parts of the complex impedance), as shown in Fig. 3 
(b).
The appearance of three successive characteristic semicircles in a complex impedance diagram suggests that the equivalent circuit of the test samples can be represented as three parallel RC elements in series, as shown in Fig. 3 (a). In accordance with the increasing frequency, semicircles I, II, and III are due to the electrode effect, the grain-boundary effect, and the lattice effect, respectively. 14), 15) The values of R g and R gb can be obtained from Fig. 3 .
However, because of the limited frequency range of the equipment, not all semicircles appear at the same time for each test temperature. Figure 4 shows some typical complex impedance plots obtained in this study. In each case, at least two welldefined semicircles were observed in the complex impedance plane. Within almost the entire temperature range investigated, the semicircle due to the lattice effect can be detected completely and the characteristic frequencies are sufficiently different to allow good separation between this semicircle and the others. Therefore, R g and R gb for each sample at each test temperature can be extracted readily and converted to conductivity (·) using the following equation:
where t is the sample thickness, and S is the effective electrode area on the sample surface. In this way, the apparent grain conductivity, (· g ) a , and apparent grain-boundary conductivity, (· gb ) a , can be obtained. Generally, the apparent conductivity, (·) a , determined from the complex impedance plots may be treated as an approximation of the true value because the thickness of the grain-boundary layers in the samples is so small that it can be neglected.
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Temperature dependence of grain conductivity
Under most circumstances, the correlation of temperature with conductivity can be described using the classical Arrhenius equation:
where ¬ and T are the Boltzman constant and absolute temperature, respectively. A¤ and E denote the pre-exponential factor and activation energy, respectively. A plot of ln(·T) against 1/T shows a linear relationship: Figure 5 shows the corresponding Arrhenius plots of · g and T for all samples studied.
It should be noted that a clear discontinuity exists in Fig. 5 . For a given sample, the two different testing systems yielded two different results at 473 K. This difference may be attributed to system errors resulting from disparities in the measurement precision of the two testing systems. Undoubtedly, the existence of such a discontinuity makes it impossible to directly compare the experimental results measured with different testing systems. However, it is still reasonable to analyze the data measured with the same system according to the classical Arrhenius equation. For example, with the experimental results shown in Fig. 5 , we can deduce the activation energy, E, and the pre-exponential factor, A, for different temperature ranges.
Correlation between activation energy and thickness
As can be seen in Fig. 5 , within the entire temperature range, there is a non-linear relationship between the grain conductivity and the temperature, while there is linear behavior in certain parts of the entire temperature range. The temperature regions of interest can be divided into three: 363 K413 K, 413 K473 K, and 473 K733 K, with the data points forming a straight line in each part. As a result, the classical Arrhenius formula was qualified at certain temperature intervals. The activation energies for each sample in the different temperature regions were obtained from a linear fit of the data shown in Fig. 5 . The results are shown in Fig. 6 .
As can be seen in Fig. 6 , the thickness dependences of the activation energy are rather different in the high and the low temperature regions. In the temperature range from 473 K to 733 K, the activation energy increased with increasing sample thickness. However, a decreasing tendency in activation energy with increasing sample thickness is evident within the lower temperature region between 413 K and 473 K. Considering that the uncertainties in the experimental data would become larger as the temperature decreases (see Fig. 5 ), it is reasonable to infer that, in the temperature range between 363 K and 413 K, the activation energy also decreases with increasing sample thickness. Oxygen vacancies are the main carriers of solid oxide electrolytes, particularly YSZ. They comprise two types: one being free to migrate and the other bound by the dopant cation. Therefore, the activation energy, E, is the sum of the migration energy, E m , and association energy, E a . When the temperature is high, the dominant carriers inside the material are free oxygen vacancies, while the associated oxygen vacancies dominate when the temperature is sufficiently low.
It is believed that the carriers in the surface layer can move more freely than the internal ones because they have relatively high energy. Therefore, when they migrate, the energy barrier is lower than that of the internal atoms or ions. In other words, the activation energy of the surface carriers is lower than that of the internal ones. This can be called the "surface effect."
Corresponding to the "surface effect" is the "body effect." Generally, in thick bulk materials, the proportion of the surface layer, which occupies only a few atomic layers, to the bulk material is negligible. Therefore, under ordinary circumstances, the impact of the "surface effect" on the properties of the thick bulk material is so weak that the "body effect" dominates.
Considering the influence of temperature, it is easy to understand the results shown in Fig. 6 . 1) When the temperature was between 473 K and 733 K, as shown in Fig. 6(a) , the activation energies for each sample were between 1.0 eV and 1.15 eV, which is in accordance with the theoretical values calculated by Mackradt and Woodrow, 19) and Butler. 20) Therefore, the calculated values are reasonable. In this case, compared with the lower temperature range, free oxygen vacancies are dominant in the material, which suggests that the activation energy is mainly the migration energy of free oxygen vacancies. When the thickness of the material decreases, the vertical proportion of the surface layer to the entire material increases, and the number of carriers with lower activation energy in the surface layer increase. At this point, the "surface effect" has a much stronger influence on conductivity. The activation energy of such a material tends to decrease with decreasing thickness.
2) The activation energy was much smaller when the temperature was between 413 K and 473 K, and 363 K and 413 K, as shown in Fig. 6(b) , which has been explained by Ying Li, et al. 21) This result is also reasonable. Under these circumstances, the associated oxygen vacancies play a dominant role in the conductivity of the material. The activation energy is mainly the association energy of associated oxygen vacancies. At this point, the migration energy can be considered to be constant. The vertical proportion of the surface layer to the entire material increases with decreasing thickness of the material, resulting in the internal associated oxygen vacancies being closer to the surface. Therefore, the "surface effect" becomes much stronger, so that the atoms in the surface layer with the higher energy lead to the disassociation of some associated oxygen vacancies with higher association energies. Consequently, the activation energy tends to increase.
Overall, when the thickness of the samples decreases, the "surface effect" gradually becomes strong enough to influence the migration and disassociation of oxygen vacancies. As a result, the proportion of free particles in the unstrained state increases. Therefore, there is an increasing number of particles with a lower activation energy contributing to the conduction. The activation energy of the material tends to decrease with decreasing thickness. This is a clear demonstration of the phenomenon described in section 3.1.
Relationship between the pre-exponential factor and activation energy
According to Hohnke's analysis, 22) there is a linear relationship between ln A¤ and the activation energy, E, for many binary systems involving ZrO 2 . The experimental data shown in Fig. 7 appears to suggest that the empirical formula
may also be applicable to the system examined in this study. The values for a and b in different temperature ranges were obtained from a linear regression calculation. Through Hohnke's analysis, slope a of the ln A¤E straightline plot corresponds to 1/(¬T 0 ), where T 0 is the characteristic temperature at which all the Arrhenius plots (that is, ln(·T) 10 4 /T curves) for all samples in the given system will converge. In J. H. Gong's research 23) the calculated value of T 0 for his ternary system was reported to be approximately 1060 K within the high temperature range.
In this study, a result similar to that reported by J. H. Gong was obtained in that all the straight lines discussed within the range 473 K733 K showed a tendency to converge at approximately 538 K. Although one particular plot in this temperature region crosses the temperature point, most plots converge at this point, which confirms the theoretically calculated result.
An interesting phenomenon was noted in that all plots within the ranges 413 K473 K, and 363 K413 K tend to converge at the same temperature points of around 371 K and 399 K, respectively. These two calculated values are similar, as shown in Fig. 2 . Therefore, by integrating both results, there is at least one convergence within a large temperature range that involves high, intermediate, and low temperatures. In this study, a new convergence was also found within the lower temperature range.
Conclusion
The linear relationship between electrical conductivity and temperature inferred from the Arrhenius formula is not universal over the entire temperature range but is applicable within each distinct interval. Therefore, a nonlinear relationship was found between them. Based on the "surface effect," an explanation is proposed, whereby within the low temperature range, the activation energy corresponding to the slope of ln(·T)10 lnA Fig. 7 . Plots of the relationship between the pre-exponential factor, A¤, and activation energy, E.
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plots increases with decreasing thickness of the material, while it decreases with decreasing temperature in the higher temperature region. A new convergence point within the lower temperature range was identified from the ln(·T)10
